Regeneration of' protoplasts to bacilli was attempted in several strains of Btrcil1u.s closely related to Buci1Iu.s suhti1i.s 168. On DM3 and similar media using succinate as osmotic support, only B. subtilis 168 and Bacillus natto ATCC 15245 were able to regenerate. Media containing mannitol as osmotic support, and agar as gelling agent gave rise to L-form colonies with B~ici1lu.v lic'hcJtiifi,rtiii.s N CTC 6346. Many of the L-form colonies were able to regenerate to the bacillary form when plated on the mannitol medium solidified with gelatin. All of the Bticd1u.v species tested were able to regenerate on the latter medium at rates sufficient to allow protoplast trans form at i on and fusion ex per i men t s .
Regeneration of Protoplasts of Bacillus subtilis
Regeneration of' protoplasts to bacilli was attempted in several strains of Btrcil1u.s closely related to Buci1Iu.s suhti1i.s 168. On DM3 and similar media using succinate as osmotic support, only B. subtilis 168 and Bacillus natto ATCC 15245 were able to regenerate. Media containing mannitol as osmotic support, and agar as gelling agent gave rise to L-form colonies with B~ici1lu.v lic'hcJtiifi,rtiii.s N CTC 6346. Many of the L-form colonies were able to regenerate to the bacillary form when plated on the mannitol medium solidified with gelatin. All of the Bticd1u.v species tested were able to regenerate on the latter medium at rates sufficient to allow protoplast trans form at i on and fusion ex per i men t s .
I N T R O D U C T I O N
There IS increasing interest in the use of protoplast-mediated techniques such as fusion (Fodor & Alfiildi, 1976 , Schaeffer et id., 1976 and transformation (Chang & Cohen, 1979) for the genetic study and manipulation of B~rcd1u.v species. To use these techniques effectively it is necessary to have methods that allow quantitative conversion of cells to protoplasts and subsequent reversion to the bacillary form. Such systems are establiched for a few species including Bcrcil1u.s suhtilis 168 (Landman et ul., 1968) and Bacillus mqptu-iuni K M (Fodor c' t til., 1975) but not for many others. Strains ot' B~ic~illus produce a wide range of products of potential and frequently real industrial importance. Food-grade and other exoenzymes (Priest, 1977) , antibiotics (Katz & Demain, 1977) , entomotoxins (de Barjac, 198 1 1 and other products are produced by strains for which gene transfer techniques to permit genetic analysis are seldom available. It is likely that the actual processes of protoplast fusion and transformation would vary little from one Bwillus species to another so that these techniques could have wide-ranging applications. However, it seems that few Bacillus species regenerate on the media that are effective for B. .suhtilis 168 and B. unegaterium KM. By adopting an at1 hoc approach to formulation a number of groups have described regeneration media for use with individual species, e.g. B~c'I'IIus spha~ricus (McDonald & Burke, 1984) : Bucillus popilliae and Bucillus furvue (Bakhiet & Stahly, 1985) ; Bacillus .steurotherniophilus (Imanaka et NI., 1982) . However, with some exceptions, rates of regeneration from protoplasts to bacilli remain poor and variable. We have tried to establish more general conditions and have developed media that allow regeneration of a number of strains closely related to B. srthti1i.s 168. converted to protoplasts more readily and synchronously than cells grown in sugar-supplemented media or rich, undefined media, such as tryptone soya broth, so that only ii low background of lysozyme-resistant cells remained. The preferred growth medium was minimal salts (Spizizen, 1958) supplemented with 1" ; ; ; (w/v) Bacto Casamino acids (Difco) and 20 pg tryptophan ml-I. However, for Bacillus nutto this medium was insufficient and so tryptone soya broth, despite its disadvantages, was used.
M E T H O D S
Cultures were inoculated from fresh nutrient a g r (NA) stock plates and shaken overnight at 30°C. The following morning cultures with an OD,,,,, of less than 0.6, and which had not sporulated were used to inoculate fresh medium to an OD,,,)(, ofapprox. 041. The subcultures rapidly attained exponential phase on shaking at 37 "C and when the OD,,,,,, reached approx. 0.5 the cells were harvested by centrifugation.
PrcJpuration sf protoplasts. Pellets of harvested cel s were resuspended in a 0.1 volume of osmotically-supported protoplast buffer. A viable count was taken by diluting cells in growth medium and plating on NA. Hen egg white lysozyme (Sigma) was added to a final c0ncentratic.n of 100pg ml-' and the culture incubated with shaking for 20 min at 37 "C. Protoplast formation was assessed semiquantitatively by phase-control microscopy and, if a significant proportion of bacillary cells remained ( > 1 O;), incubation was continued for up to 60 min. Once satisfactory protoplast formation had occurred a second viable count was taken, as before, to determine the nu m be r of 1 y soz y m e -re s i s t a n t s 11 r v i v o r s .
The protoplast buffer used was tryptone/yeast extract/sucrose (TYS; Elliott et af., 1975) supplemented with 1 % (wiv) bovine serum albumin (Sigma fraction V ) arid sterilized by filtration. Cell icall regcnrrotion. Protoplasts were diluted in TYS buffer and spread on osmotically-supportive regeneration agar plates. The plates were incubated at 30°C until no further colonies appeared (up to l 0 d ) .
Three regeneration medin were tested. D P (Elliott PI d . , 1975) and DM3 (Chang & Cohen, 1979) use succinate lor osmotic support. MRA is ;I mannitol-based medium described by Nimi rt a/. (1983) for regeneration of Bacillus hrwis protoplasts. Modifications of these media arc described, where appropriate, in the results. M w n chrrin length. Bucil1u.s strains often form chains of cells, the mean length of which varies. Conversion of cells to protoplasts incidentally causes dechaining s'o that the apparent initial viable count (i.e. colony forming units) is an underestimate with regard to potential xgenerants from a culture of protoplasts. To correct for this, mean chain lengths of cells in cultures were determined immediately before lysozyme addition. A drop o f culture was mixed with a drop of saturated CsCl solution and the plasmolysed cells were viewed by phase-contrast microscopy. The cell content of 300 chains was counted for each culture and the mean chain length determined.
The initial viable count was calculated as the product of colony forming units and mean chain length. Regeneration is then given 21s the ratio (bacillary colony count on regeneration medium -survival count on NA)/ (initial viable count). This assumes thal lysoiyme-resistant survivors are either dechained or that only one cell per chain is resistant.
R E S U L T S A N D D I S C U S S I O N
In initial experiments cells were converted to protoplasts in TYS buffer and regeneration to bacilli was tested on DM3 medium. Typical results for lysozyme survival and protoplast regeneration are shown in Table 2 . For all strains tested at least 99.5 % of cells were converted to protoplasts. B. subtilis 168, B. nutto and to a lesser extent B. subtilis 8565 regenerated readily at Schaeffer et ul., 1976) and the rate for 6'. nutto in particular illustrates the error that can occur due to dechaining. Apart from these two strains, the regeneration frequencies obtained with DM3 medium were generally very low. The failure of Bacillus lichenzforrnis 6346 to regenerate was particularly unexpected since Elliott e l ul. ( 1975) using similar conditions observed regeneration sufficiently well to allow biochemical and physiological investigations of the process. We therefore concentrated on establishing regeneration conditions for B. 1ichc)niformi.y 6346 to the temporary exclusion of the other strains. D P medium (Elliott et ul., 1975) and DM3 medium (Chang & Cohen, 1979) are both modifications of the DPA medium of Wyrick & Rogers (1973) . DM3 was used by Chang & Cohen (1979) because with B. suhtiliJ 168 it reduced the time required for cell wall regeneration and eliminated the crowding effect reported by Schaeffer et al. (1976) . It was possible that modification had made the medium unsuitable for regeneration of B . licheniformis 6346 protoplasts. However, in a comparison experiment it was shown that while DM3 medium is clearly superior to D P for cell wall regeneration of B. subtilis 168 (regeneration frequencies of 2.73 x lo-' and 1.24 x lo-' respectively), B . licheniformis 6346 protoplasts failed to regenerate significantly for practical purposes on either medium (regeneration frequencies of 1-45 x on DM3 and 9.26 x lop5 on DP), despite using identical strains and conditions as close as possible to those of Elliott et ul. (1975) . This highlights a problem with regeneration media, in that they are complex in composition and there are reports of batch-to-batch variation of media greatly affecting rates of regeneration (King & Gooder, 1970) . Thus many components may be changed or modified without significant improvement in regeneration. Moreover, it is possible that the growth medium and protoplast buffer could have effects on subsequent regeneration. We have tried many modifications t o the media and conditions without significantly increasing the rate of regeneration.
An alternative to testing further modifications of DM3 was to use a new medium altogether. A mannitol-based regeneration medium (MRA) described by Gray & Chang (1981) and modified by Nimi et al. (1983) for regeneration of B. brevis protoplasts was chosen. With B . lichenifirrnis 6346 the count of bacillary colonies was as low as that on DM3 medium. However, L-form
colonies, representing about 30°00f the ir itial viable count, developed on MRA but not on DM3 medium. The problem remained then to find conditions that would allow L-form reversion.
Spontaneous reversion of L-forms to bacilli after prolonged incubation has been reported for B. suhtilis 168 (Landman & Halle, 1963) . However, incubation prolonged for IOd led to no significant reversion of the L-forms of B. lichrniformis 6346 on MRA medium. Landman or a/. ( I 968) reported that gelatin (25 "o, w/v) aa sole gelling agent was effective in allowing reversion of L-forms and regeneration of protoplasts of B. suhtilis 168 to the bacillary state. When we used 257; (w/v) gelatin as sole gelling agent (MRG medium) a significant increase in regeneration of protoplasts of B. lichrniformis 6346 was obtained ( Table 2 ). The number of bacillary colonies formed was not as great as the number of I,-form colonies formed on MRA but, nevertheless, the extent of regeneration would be sufficient 1-0 allow protoplast-mediated gene-transfer techniques to be used in this organism.
The other Buc-illus species used in this investigation were also able to regenerate on MRG (Table 2) . B. suhtilis 168 regenerated to about the same extent on DM3 and MRG, and B. natto regenerated better on DM3. Nevertheless, in the latter case, rates of regeneration on MRG are sufficient to allow its use, if a series of experiments require that only it single regeneration medium be used. In all other cases, MRG medium allowed more extensive regeneration than DM3. The most marked improvements were seen with the B. lichrniformis strains and B. am~~luliquc~fuci~ns, and even though the rates of regeneration are still quite low in some cases, in practice they are sufycicnt to allow effective uptake of plasmids in protoplast transformations (unpublished observation). MRG is inconvenient to make up and requires incubation a t 30 'C or below. Liquefaction of the gelatin by some strains causes difficulties on extended incubation but this can be avoided by enumerating and subculturing early. Despite these problems the use of M RG significantly extends the range of Bocillus strains available for protoplast-mediated genetic experiments to include many strains of interest as exoenzyme producers (e.g. B. nmyloliquqfucirns, Bwilliis sp. N7, Bacillus sp. 16A) and antibiotic producers (e.g. B. lichcniformis 10716, B. licheniforriiis 8874). Thus, genetic analysis and manipulation of these strains of practical importance becomes more feasible.
